In this article, the preparation and application of gold and cerium catalysts supported on zirconium-doped mesoporous silica SBA-15 was studied. These materials have been prepared by two different methods and characterized to investigate their textural properties, dispersion of the active phases and oxidation states. Both materials exhibit a marked catalytic activity. The size of the gold nanoparticles is directly related to the CO conversion rate and to the selectivity towards CO 2 exhibiting a strong temperature dependence. An X-ray photoelectron spectroscopic study of the composition and chemical state of the nanoparticles indicates the presence of Au in a metallic state. Transmission electron microscopic micrographs indicate that the best catalyst shows a higher dispersion of Au in spite of its lower gold surface content.
INTRODUCTION
Currently, there is a major scientific and technical advancement towards the development of technologies for efficient and cost-effective fuel cells for power generation. One of the major objectives such research is to provide clean hydrogen free of carbon monoxide (CO) (<10 ppm) by catalytic technologies that function within the operating range of proton exchange membrane fuel cells (PEMFCs), namely at atmospheric pressure and temperatures not exceeding 100 °C. There are several technologies for hydrogen production as well as its purification to the required purity. Currently, the most widely used technologies for hydrogen purification are membrane separators, pressure swing adsorption, CO methanation and preferential oxidation of CO (CO-PROX) (Park et al. 2009 ). Among these methods, the preferential oxidation of CO to CO 2 is an effective and relatively inexpensive method to achieve adequate concentrations of CO. This step is part of a series of processes including catalytic reforming of liquid fuels such as methanol or bioethanol, with the aim of avoiding the poisoning of the Pt anodes of PEMFCs by CO.
There is a wide range of catalytic systems proposed for this reaction. Different active phases can be used, including Pt group metals (Mariño et al. 2004; Zhou et al. 2006) , CuO/CeO 2 pair (Martínez-Arias et al. 2000; Liu et al. 2004; Gamarra et al. 2007; Moretti et al. 2007) , and group 11 metals (Haruta and Daté 2001; Avgouropoulos et al. 2002; Cheekatamarla et al. 2005) , each with their own advantages and disadvantages. Pt group metals provide good conversions but their sensitivity to CO and high price give them a clear disadvantage compared with other catalytic systems. CuO/CeO 2 phases have good performance and high selectivities, but require higher temperatures and elevated metallic charges to operate. Au catalyst, however, works well at lower temperatures and the stability of these materials is sufficiently high to compensate for their higher material cost.
In CO-PROX reaction, the catalytic performance is strongly influenced by using a support, and it has been shown that doping with elements such as Zr (Moretti et al. 2007; Reyes-Carmona et al. 2011 ) improves conversion and selectivity using CuO x /CeO 2 catalysts. In this article, two such materials were prepared using a Zr-doped mesoporous SBA-15 silica as support of the Au/CeO 2 catalyst system to achieve good CO conversions at low temperatures.
EXPERIMENTAL SETUP

Materials
The chemicals used in this work were supplied by Sigma-Aldrich. The catalyst support materials were synthesized as follows: Zr-doped SBA-15 material, with an atomic ratio Si/Zr = 10, was prepared following the methodology of Szczodrowski (Szczodrowski et al. 2008 ). This atomic ratio was found to be optimal in previous works (Reyes-Carmona et al. 2011) . The obtained gel was dried for 12 hours at 60 °C and calcined in a static atmosphere oven at 550 °C for 6 hours with a heating ramp of 1 °Cminute -1 . The obtained support material was labelled as SBAZr10. The active phase, based on Ce and Au, was incorporated onto the support in two steps. First, ceria was supported using incipient wetness method with cerium(III) acetate as precursor (10% wt). After impregnation, the solid product was kept at 60 °C for 12 hours and then calcined at 550 °C for 4 hours with a 1 °Cminute -1 ramp. This material was labelled as SZ10Ce10.
In the next step, gold was incorporated onto the catalyst support following two different routes. The first one was based on the work of Quinet (Quinet et al. 2009 ) and is as follows: HAuCl 4 was added to 100 ml of distilled water for incorporating 1% wt of Au. The pH was then adjusted to 9 using a 1 M NaOH solution and the gold solution was added to SZ10Ce10. The mixture was stirred vigorously for 2 hours at 80 °C. The suspension obtained was filtered and water washed until the result of chloride test (performed using AgNO 3 ) is negative. The solid product obtained was dried overnight at 60 °C. Finally, the material was calcined at 300 °C for 3 hours with a heating ramp of 5 °Cminute -1 . The obtained material was labelled as SZ10Ce10AuDP.
The second route is a modification of the work of Beck (Beck et al. 2008) . As per the first route, HAuCl 4 was added to 100 ml of distilled water to incorporate 1% wt of Au, and then 1.3 ml of hydrolyzed polyvinyl alcohol solution (0.5% wt) was added. Afterwards, a freshly prepared solution of 0.1 M NaBH 4 was added, using a molar ratio of NaBH 4 /Au = 5. The solution was stirred for 24 hours, filtered and washed with dilute aqueous ammonia solution. The resulting material was kept at 60 °C until it becomes dry and was calcined at 300 °C for 3 hours with a heating ramp of 5 °Cminute -1 . The obtained material was labelled as SZ10Ce10AuCP.
Methods
X-ray diffraction
X-ray diffraction (XRD) patterns were obtained using PANalytical X'Pert PRO MRD [CuK α (λ = 0.15406 nm; 45 kV and 40 mA]. The system is equipped with a Ge(111) monochromator and a CuKα 1 radiation source. All measurements were made with a step size of 0.0167°and with an acquisition time of 30 minutes. The X'pert High Score Plus software was used for analyzing the data.
N 2 adsorption-desorption isotherms
N 2 adsorption-desorption measurements were performed at liquid nitrogen temperature (−196 °C) using a Micromeritics ASAP 2020 apparatus. Before each measurement, samples were outgassed for 12 hours at 200 °C under a vacuum of 1 × 10 −2 Pa. The specific surface (S BET ) was calculated using the BET equation, and the specific pore volume (v p ) was calculated at P/P 0 = 0.98. The poresize distribution was calculated according to the BJH method, using the data obtained from the desorption branch and assuming a cylindrical pore model.
Transmission electronic microscopy
Transmission electron micrographs were obtained using a Philips CM200 microscope operating at 100 kV accelerating voltage. The measurements of X-ray dispersive energy were registered using an EDAX CM200ST probe with an SiLi detector. The samples were dispersed in 2-propanol and dropped over Cu grids for the analysis.
Elemental analysis
Gold and cerium content in samples were determined using a Perkin Elmer OPTIMA 7300 DV optic inductively coupled plasma-atomic emission spectroscopy apparatus.
X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopic (XPS) studies were performed on a Physical Electronic PHI 5700 spectrometer using non-monochromatic Mg-K radiation (300 W, 15 kV, 1253.6 eV) for analyzing the core-level signals of C 1s, O 1s, Si 2p, Zr 3d, Ce 3d and Au 4f with a hemispherical multichannel detector. The spectra of powdered samples were recorded with a constant pass energy value at 29.35 eV, using a 720 µm diameter circular analysis area. The X-ray photoelectron spectra obtained were analyzed using PHI ACESS ESCA-V6.0F software and processed using Multipak 8.2B package. The binding energy values were referenced to C 1s signal (284.8 eV). Shirley-type background and Gauss-Lorentz curves were used to determine the binding energy. Short acquisition times (<10 minutes) were used in order to avoid photoreduction of cerium species.
Catalytic Test
Catalytic activity tests were carried out in a laboratory flow apparatus, with a fixed bed reactor operating at atmospheric pressure. The catalysts (0.100 g), with a defined particle size (0.050 -0.110 mm), were introduced into a tubular Pyrex glass reactor (i.d. = 5 mm) and placed inside an aluminium heating block. Before performing the catalytic experiments, the samples were heated in situ at 400 °C under a constant air flow for 30 minutes. The contact time W/F was 0.03 g s cm -3 . The reaction mixture composition was 1.25% CO, 1.25% O 2 , 50% H 2 , balanced with He. An ice-cooled cold trap was used to remove the excess of water downstream from the reactor. An HP6890CG gas chromatograph equipped with a thermal conductivity detector and a CP-CarboPLOT P7 column with helium as the carrier gas were used to analyze the outlet composition, with the observable detection limit for CO being 10 ppm. The temperature was varied in the 35-100 °C range, and measurements were carried out until a steady state was achieved. The quantity of converted carbon monoxide was calculated using the following equation:
(1) CO 2 selectivity was calculated using the following equation:
The excess oxygen factor (λ) was calculated using the following equation:
Catalytic tests were performed by taking λ = 2, which has been established as the optimal value for PROX reaction in previously published works (Moretti et al. 2007; Moretti et al. 2011; ReyesCarmona et al. 2011) .
RESULTS AND DISCUSSION
Characterization
XRD was carried out to study the crystalline phases present in the catalyst, and the diffractograms of catalysts SZ10Ce10AuDP and SZ10Ce10AuCP are plotted together (Figure 1 ). The presence of CeO 2 as cerianite (ISCD No. 01-081-0792) at 2θ = 28.5°, 33.4°, 47.5°and 56.5°can clearly be observed in both curves of the figure. A broad reflection line owing to the presence of metallic Au (111) is also observed (Figure 1 inset) at 2θ = 38.26°. Diffraction lines due to the presence of tetragonal ZrO 2 (ISCD No. 01-079-1769) at 2θ = 30.2°, 50.2°, 50.6°, 59.6°and 60.0°are not observed in either materials, confirming the stability of the Zr atoms in the silica matrix.
The S BET values of the support SBAZr10 and catalysts SZ10Ce10AuDP and SZ10Ce10AuCP were determined from the nitrogen adsorption-desorption isotherms at -196 °C (Figure 2 ). These are typical type IV isotherms according to the IUPAC classification. They show very narrow poresize distributions centred at approximately 4.0 nm, which is a characteristic of materials based on SBA-15 (Table 1) . With the incorporation of the active phase, we observe a clear decrease of the S BET from 536 m 2 g -1 (support SBAZr10) to 298 and 382 m 2 g -1 for catalysts SZ10Ce10AuDP and SZ10Ce10AuCP, respectively; a corresponding decrease of the pore volume is also observed here. The transmission electron microscopic images (Figure 3 ) of catalyst SZ10Ce10AuDP show well-dispersed regular nanoparticles of gold with an average size of 3-4 nm, located in the mesopores. However, the micrograph of catalyst SZ10Ce10AuCP (Figure 3) shows much bigger gold particles with a lower dispersion, mostly located in small clusters over the grain borders. The chemical composition of the surface of both catalysts (in atomic concentration %) determined by XPS are as follows (Table 2) : C, 5.60%; O, 63.08%; Si, 29.44%; Zr, 0.89%; Ce, 0.64% and Au, 0.36% for SZ10Ce10AuDP; and C, 9.44%; O, 59.63%; Si, 27.84%; Zr, 0.81%; Ce, 0.44% and Au, 1.84% for SZ10Ce10AuCP. Sample SZ10Ce10AuCP contains much higher Au content and the Au species present was determined to be Au 0 (Figure 4) because the Au 4f 7/2 peak appears at 83.1 eV. For the sample SZ10Ce10AuDP, however, gold is also present as Au 0 with an Au 4f 7/2 peak at 83.7 eV.
Catalytic Test
Both materials were tested under the specified reaction conditions. Production and selectivity plots are shown in Figure 5 . These data were obtained after the integration of the peaks and by applying equations (1) and (2). Both catalysts are active in CO-PROX, with the sample SZ10Ce10AuCP showing a higher catalytic activity at low temperature due to its higher surface gold concentration as determined by XPS. In contrast, at higher temperatures sample SZ10Ce10AuDP, with a lower surface gold concentration, is more active. The higher observed gold dispersion on the latter favours the catalytic reaction in spite of its lower surface concentration of Au. In both cases, the selectivity to CO 2 is 100% up to 65 °C. At higher reaction temperatures, however, the selectivity to CO 2 decreases dramatically as is generally observed in other gold-based catalysts. Therefore, the surface dispersion of the active phase is more relevant than its surface concentration.
CONCLUSIONS
The studied catalysts, prepared by two different synthetic routes, have been found to be catalytically active for the CO-PROX with a high selectivity to CO 2 at low reaction temperatures. The material SZ10Ce10AuDP, prepared by precipitation, shows the best catalytic results in spite of its lower gold surface content, due to the much better dispersion of the active phase as observed by transmission electron microscopic images.
